The micropore size distribution in TiO 2 particles comprising anatase nanocrystals was evaluated using N 2 adsorption. The solutions containing ammonium hexafluorotitanate and boric acid were kept at 50°C for 30 min. and left to cool for 1 day. The particles comprised nanocrystals of anatase TiO 2 precipitated in the solutions. NLDFT analysis of the adsorption isotherm indicated the existence of pores ～0.7 nm in diameter. These pores caused high BET surface area in the particles (168 m 2 /g). The unique morphology of these particles with their high volume of micropores and large BET surface area has potential use in many applications.
Introduction
TiO 2 particles have been attracting considerable attention in the areas of paint, cosmetics, catalysts, 1) photocatalysts,
2)-4) gas sensors, 5),6) lithium batteries, 7)-9) biomolecule sensors, 10) and dye-sensitized solar cells. 11),12) They have been synthesized by flame synthesis, 13 ), 14) ultrasonic irradiation, 15) , 16) chemical vapor synthesis, 17) and sol-gel methods.
2),18)-21) However, the particles become aggregated during the high temperature annealing in these processes, and thus the large surface area cannot be maintained. The particles prepared by sol-gel were covered with hydroxylated surfaces. They adsorbed organic molecules unless extreme heat treatments or chemical dehydroxylation reactions were applied. Additionally, a reduction in the use of organic solvents has been strongly demanded in recent years. Synthesis of crystalline oxides at ordinary temperatures has been attracting much attention as a green chemistry.
22)-26)
Recently, nanocrystal assembled TiO 2 particles were reported to have large BET surface areas. 27) They were crystallized in aqueous solutions at 50°C. The unique morphology of the particles was considered to be the cause of the large surface area. However, the origin of the large BET surface area and pore size distribution in the particles has not been clarified as yet. This is important in order to understand the crystallization of the particles and improve their properties.
In this study, TiO 2 particles comprising anatase nanocrystals were prepared in aqueous solutions. They were evaluated by low pressure N 2 adsorption. The micropore size distribution was estimated using the DFT/Monte-Carlo analysis, which indicated the existence of pores ～0.7 nm in diameter. This results in the large BET surface area of the particles. 
Experimental
Equation (a) is described in detail by the following two equations:
Fluorinated titanium complex ions gradually change into titanium hydroxide complex ions in an aqueous solution as shown in Eq. (3). The increase of F -concentration displaces Eqs. (1) and (3) to the left, however, the F -produced can be scavenged by H 3 BO 3 (BO
3-3
) as shown in Eq. (2) to displace Eqs. (1) and (3) to the right. Anatase TiO 2 is formed from titanium hydroxide complex ions (Ti(OH) [2] [3] [4] [5] [6] ) in Eq. (4). The crystal phase of the particles was evaluated using an X-ray diffractometer (XRD; RINT-2100V, Rigaku) with CuKa radiation (40 kV, 30 mA). The diffraction patterns were evaluated using JCPDS, ICSD (Inorganic Crystal Structure Database) data (FIZ Karlsruhe, Germany and NIST, USA) and FindIt. The morphology of TiO 2 was observed using a field emission scanning electron microscope (FE-SEM; JSM-6335F, JEOL Ltd.). TiO 2 powder of 0.25 g was outgassed at 110°C under 10 -2 mmHg for 6 h. prior to N 2 adsorption measurements. Nitrogen adsorption-desorption isotherms were obtained using an Autosorb-1 (Quantachrome Instruments) from P/P 0 ＝0.005 to 1. Isotherms were analyzed with Autosorb 1 for Windows, Ver. 1.52 (Quantachrome Instruments). Specific surface areas (S BET ) were calculated with the BET (Brunauer-Emmett-Teller) method using adsorption isotherms. The micropore volume (V micro ) and external surface area (S ext ) were deduced using the t-plot method. Experimental isotherms were analyzed by the t-plot method devised by Lippens and deBoer, in which the volume of adsorbed gas was plotted vs. the statistical layer thickness t, calculated from the deBoer equation.
28)-32)
Micropores in TiO 2 particles were indicated. TiO 2 powder of 0.045 g was further outgassed at 110°C under 10 -2 mmHg for 6 hrs. prior to measurements. Nitrogen adsorption-desorption isotherms were obtained from P/P 0 ＝1E-7 to 1 to evaluate the micropores. A small amount of TiO 2 particles was measured for micropore analysis because low pressure adsorption measurements require substantial time. However, the isotherms obtained from the small amount of sample included inaccuracies caused by sampling weight error. Therefore, the micropore adsorption isotherm obtained from TiO 2 powder of 0.045 g, i.e., an adsorption isotherm in the range from P/P 0 ＝1E-7 to 0.005, was combined with the adsorption-desorption isotherm obtained from TiO 2 powder of 0.25 g. Mesopore size distribution above 2 nm was calculated with the BJH (Barrett-JoynerHalenda) method using the adsorption isotherm. Micropore size distribution was further calculated by Non-Local Density Functional Theory (NLDFT) (DFT/Monte-Carlo method) (N 2 at 77 K on silica (cylinder/sphere, pore, NLDFT ads. model), adsorbent: oxygen) using the adsorption isotherm. Ammonium hexafluorotitanate solution and boric acid solution were mixed and kept at 50°C for 30 min. using a water bath with no stirring. 27) They became clouded in about 10 min. after the mixing of the solutions. Particles were homogeneously nucleated in the solutions and made the solutions white. They gradually precipitated to cover the bottoms of the vessels. The solutions were then removed from the water bath and left to cool for 1 day. Supernatant solutions were removed from the solutions. Heated water of 50°C was added and lightly mixed. The heated water was used to dissolve any residual ammonium hexafluorotitanate and boric acid. The solutions were then kept for 3 hrs. to precipitate the particles. The removal of supernatant solutions after dispersion in heated water of 50°C was repeated three times. The solutions containing particles were dried on glass vessels at 60°C for 1 d. (Fig. 1) .
The 004 diffraction intensity of randomly oriented particles is usually 0.2 times that of the 101 diffraction intensity as shown in JCPDS data (No. 21-1272). However, the 004 diffraction intensity of the particles deposited in our process was 0.61 times that of the 101 diffraction intensity. Additionally, integral intensity of 004 diffraction was 0.21 times that of the 101 diffraction intensity. This indicated that the particles showed c-axis orientation. As the particles were not oriented on the glass holder of the XRD measurement, the constituent nanocrystals were considered to have c-axis orientation. As a result, the particles would have a large number of stacks of c planes such as (001) planes compared to the stacks of (101) planes. The diffraction intensity from (004) planes would be enhanced compared to that from (101) planes.
Crystallite size perpendicular to (101), (004), or (200) planes were estimated from the full-width half-maximum of 101, 004, or 200 peak to be 6.9 nm, 18.5 nm, or 10.5 nm, respectively. Elongation of crystals in the c-axis direction was suggested by the differences in crystallite size.
SEM observation of the TiO 2 particles
The particles consisted of nanocrystals were about 800 nm in diameter (Figs. 2a, 2c) . They had a nano-sized relief structure on their surfaces (Figs. 2b, 2d) . The size of nanocrystals was estimated to be about 20-50 nm in diameter. The size was larger than crystallite size perpendicular to (101), (004), or (200) planes. The nanocrystals observed on the surface of the particles would not be large single crystals but polycrystals constructed of several single crystals. Further evaluation by a transmission electron microscope is required to clarify the morphological details. The particles had nano-sized open pores on their surfaces and internally, surrounded by nano TiO 2 crystals. Nano-size open pores would contribute to the large specific surface area and high adsorption properties that are required for photocatalysts, cosmetics, solar cells, and sensors. (Fig. 3) . The BET surface area of the particles was estimated at 168 m 2 /g from the adsorption isotherm in the relative pressure (P/P 0 ) range from 0.02 to 0.07. 27) This was higher than that of TiO 2 nanoparticles, such as AEROXIDE P 25 (BET 50 m 2 /g, 21 nm in diameter, anatase 80＋rutile 20, Degussa), AEROXIDE P 90 (BET 90-100 m 2 /g, 14 nm in diameter, anatase 90＋rutile 
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JCSJapan Masuda et al.: Micropore size distribution in nanocrystal assembled TiO2 particles 10, Degussa), MT-01 (BET 60 m 2 /g, 10 nm in diameter, rutile, TaycaCorp.), and Altair TiNano (BET 50 m 2 /g, 30-50 nm in diameter, Altair Nanotechnologies Inc.). 36) Pore size distribution larger than 2 nm was calculated by the BJH method using adsorption isotherms (Fig. 4) . This showed pores smaller than 3 nm and pores larger than 20 nm. TiO 2 particles would have mesopores smaller than 3 nm surrounded by nanocrystals. Pores larger than 20 nm are considered to be interparticle spaces. The pore size distribution also suggested the existence of micropores smaller than 2 nm.
The micropore volume and micro surface area were estimated at 0.0665 cc/g and 141 m 2 /g, respectively, by a t-plot of the mesopore isotherm (Fig. 5) . This indicated that micropores existed in the particles.
Pore size distribution was further calculated by the DFT/ 
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Monte-Carlo method. The model was in fair agreement with the adsorption isotherms (Fig. 6) . Pore size distribution showed a peak at ～0.7 nm, indicating the existence of micropores of ～0.7 nm. These probably resulted from microspaces surrounded by nanocrystals and the uneven surface structure of the nanocrystals. Acicular nanocrystals homogeneously grew in the solutions and then assembled to form raspberry-like particles. 37) Acicular nanocrystals cannot form dense packed structures due to their morphology. The particles consisted of acicular nanocrystals thus had many micropores. Nano-sized pores surrounded by nanocrystals were observed with TEM 38) which was consistent with the micropore analyses. Micropores of ～0.7 nm would contribute to the large BET surface area of 168 m 2 /g, and result in the large BET surface area of the particles.
High surface area was realized by the unique morphology of the particles. Nano crystals in the particles would generate nano sized open pores and increase the surface area. Additionally, the surfaces of the particles were not covered with organic molecules or organic solvents because they were not included in the solutions. The particles had surfaces of anatase crystals, which is a requirement to realize high performance as photocatalysts, cosmetics, solar cells, and sensors.
Conclusion
Anatase TiO 2 particles comprising nanocrystals were generated in an aqueous solution at 50°C. They were 800 nm in diameter and were an assembly of acicular nanocrystals. The micropores of the particles were evaluated by micropore isotherms in the range from P/P 0 ＝1E-7 to 0.005. The particles showed N 2 adsorption-desorption isotherms of type I and high BET specific surface area of 168 m 2 /g. BJH analysis indicated pores smaller than 3 nm and pores larger than 20 nm. Micropore volume and micro surface area were estimated to 0.0665 cc/g and 141 m 2 /g, respectively, using the t-plot method. Pore size distribution calculated by the NLDFT method showed a peak at ～0.7 nm, which indicated the existence of micropores of ～0.7 nm. These probably resulted from the microspaces surrounded by nanocrystals and the uneven surface structure of the nanocrystals. Micropores of ～0.7 nm would contribute to the large BET surface area of 168 m 2 /g, and would be the origin of large BET surface area of the particles.
